Human cartilage is a complex tissue of matrix proteins that vary in amount and orientation from superficial to deep layers and from loaded to unloaded zones. A major challenge to efforts to repair cartilage by stem cell-based and other tissue engineering strategies is the inability of the resident chondrocytes to lay down new matrix with the same structural and resilient properties that it had upon its original formation. This is particularly true for the collagen network, which is susceptible to cleavage once proteoglycans are depleted. Thus, a thorough understanding of the similarities and particularly the marked differences in mechanisms of cartilage remodeling during development, osteoarthritis, and aging may lead to more effective strategies for preventing cartilage damage and promoting repair. To identify and characterize effectors or regulators of cartilage remodeling in these processes, we are using culture models of primary human and mouse chondrocytes and cell lines and mouse genetic models to manipulate gene expression programs leading to matrix remodeling and subsequent chondrocyte hypertrophic differentiation, pivotal processes which both go astray in OA disease. Matrix metalloproteinase (MMP)-13, the major type II collagen-degrading collagenase, is regulated by stress-, inflammation-, and differentiation-induced signals that not only contribute to irreversible joint damage (progression) in OA, but importantly, also to the initiation/onset phase, wherein chondrocytes in articular cartilage leave their natural growth-and differentiation-arrested state. Our work points to common mediators of these processes in human OA cartilage and in early through late stages of OA in surgical and genetic mouse models.
Introduction
Research into defining the common biomolecular mechanisms underpinning osteoarthritis (OA) has been complicated by intrinsic differences between experimental models and our incomplete knowledge of the course of the human disease. Existing drug treatments provide, at best, symptomatic relief from the pain and inflammation associated with the more progressive phases of OA disease, because they are not targeted to the dysregulated molecular processes responsible for disease onset. Moreover, pharmacological interventions solely addressing chronic pain fail to prevent cartilage damage and the associated destruction of other joint tissues, and no proven structure-modifying therapy is available. This is, in part, because OA is not a single disease but instead has
We have used several strategies for identifying and characterizing mediators involved in the pathogenesis of OA, including culture models of primary human and mouse chondrocytes and cell lines, mouse models, and human cartilage samples. Although our collective published work has uncovered important roles of specific transcription factors and their upstream signaling modules in common aspects of chondrocyte differentiation and OA disease development (Ijiri et Tsuchimochi et al., 2010) , it remains necessary if not essential to uncover the environmental and genetic factors that work in concert to alter the molecular interplay between different transcriptional and signaling networks to "funnel" them into an overriding, common pathway of irreversible cartilage destruction.
We and others are focusing on MMP-13 as the most common downstream target that is upregulated or inappropriately activated at different times during the OA disease process by stress or pro-inflammatory like signals. Among these mediators are growth arrest and DNA damage-inducible (GADD) 45β and the ETS transcription factor, E74-like factor 3 (ELF3; also called ESE1, ESX, ERT, or JEN), which are induced in chondrocytes by bone morphogenetic protein (BMP)-2 and inflammatory cytokines, respectively. Both GADD45β and ELF3 upregulate MMP-13 and suppress type II collagen gene (COL2A1) expression. Moreover, GADD45β, ELF3 and MMP-13 itself are each direct targets of canonical NF-κB signaling, which can drive chondrocyte differentiation towards hypertrophy (reviewed in Marcu et al., 2010) . Our current studies involve both in vitro analysis of signaling and transcriptional mechanisms that regulate the expression and activities of GADD45β and ELF3 and in vivo analyses of knockout or transgenic overexpression of these genes in mouse models of OA disease states. In related studies, we are examining the epigenetic regulation of MMP-13 and using proteomics and genomics approaches to map signaling networks and microRNA targets that impact on gene expression programs during the onset and progression of OA disease. We are asking the following questions: (1) How and when do the normally quiescent articular chondrocytes get triggered to undergo phenotypic modulation leading to disease? (2) What are the earliest regulatory events leading not only to upregulation of proteinase gene expression and inflammatory mediators that take articular chondrocytes out of their natural arrested state, but also to the subsequent activation of proteinase cascades and signal amplification loops? (3) Are there resident chondrocyte progenitor "stem" cells and how can they be manipulated to promote effective, long lasting cartilage repair? (4) What roles do epigenetic events play, including DNA methylation and histone modification, in controlling the altered chondrocyte phenotype in OA?
Disrupted homeostasis and phenotypic modulation in chondrocytes during initiation and progression of OA
OA may occur as a result of biomechanical insult or a combination of genetic and non-genetic factors. However, regardless of the nature of the factor(s) that initiate the disease, the pathological progression of OA disease follows a consistent pattern, characterized by chondrocyte clustering as a result of increased cell proliferation, a general upregulation of synthetic activity, involving induction of both extracellular matrix (ECM) and degradative proteinase genes, gradual loss of proteoglycans followed by type II collagen degradation, fibrillation, and formation of fibrocartilage and osteophytes. The similarities in the pathological progression of the disease in different models indicate that, even when the initiating events are different, a common molecular sequence of events underlies OA disease onset and progression. However, the key molecular mechanisms that determine this final common pathway are currently unknown. We believe that elucidating these common "molecular triggers" is the essential first step towards the development of targeted disease-and structure-modifying therapies.
Based on traditional approaches, much has been discovered regarding single factors that may contribute to the final common pathway leading to cartilage breakdown. Clearly, these factors must participate through coordinated intracellular networks; however, the critical "common mechanisms" responsible for shifting the balance towards OA are largely unknown, making it very difficult to develop drugs that are effective for prevention and treatment of the disease. Common OA disease effectors have thus far escaped our detection due to the complex etiology in conjunction with the frequently confusing crosstalk and interplay among different intracellular pathways that can obscure their dominant, over-riding outcome. Our current knowledge indicates that OA disease in cartilage is driven, in part, by both mechanical and inflammatory signals, which induce similar signaling pathways and activate normally quiescent chondrocytes in a faulty or flawed attempt to maintain tissue homeostasis. Interestingly, these same signaling pathways also play a role in the recapitulation of developmental programs in OA disease, whereby the exacerbated environmental stress associated with ECM remodeling, results in the disruption of the normal resting state of articular chondrocytes (ACs) leading to inappropriate, ectopic AC maturation towards hypertrophy, cartilage degradation, AC proliferation, cartilage calcification and signs of a failed attempt to repair the damage (Goldring and Marcu, 2009; Husa et al., 2010; Olivotto et al., 2008; Tchetina et al., 2005) .
Chondrocytes naturally undergo terminal differentiation towards hypertrophy at growth plates and by a process termed endochondral ossification make essential contributions to normal bone growth. Hypertrophic chondrocytes are characterized by their increased size and expression of multiple phenotypic markers including collagen X, MMP-13, vascular and endothelial growth factor (VEGF), and importantly, decreased expression of type II collagen which is most abundant in articular cartilage (Kamekura et al., 2006; Cecil et al., 2009; Husa et al., 2010; Saito et al., 2010; Yang et al., 2010) . Phenotypic parameters of chondrocyte hypertrophy are often observed in osteoarthritic cartilage and as such have been interpreted to be symptomatic of late stage chondrocyte differentiation events. These events occur locally and not in all cells at the same time such that hypertrophy may not be a generalized finding (Brew et al., 2010) . More importantly, a number of recent studies suggest that articular chondrocyte hypertrophy may occur early during the course of OA development in part due to a flawed attempt to repair damaged articular cartilage (Kamekura et al., 2006; Echtermeyer et al., 2009; Lin et al., 2009; Husa et al., 2010; Saito et al., 2010; Yang et al., 2010) .
Although traditional studies have focused on single regulatory molecules, specific mouse models, or putative individual targets, deciphering the complex puzzle underlying OA initiation and progression may require quantitatively integrating the analyses of multiple in vivo OA models throughout the entire OA disease time course with a principal focus on pivotal regulatory factors at the junctions of multiple signaling pathways whose altered interplay likely tips the scales. A number of studies have led to the development of novel in vitro and in vivo models of OA disease and/or chondrocyte dysfunction and have also uncovered important roles of specific transcription factors and their upstream signaling modules in aspects of chondrogenesis and OA disease development (Ijiri et al., 2005; Olivotto et al., 2008; Peng et al., 2008; Tsuchimochi et al., 2010; Xu et al., 2007) . In some cases, deficiencies of these and other transcription factors protect against OA development or progression (Kamekura et al., 2006; Saito et al., 2010; Yang et al., 2010) . Two of the latter proteins are the Runx2 and HIF2α transcription factors, which impact on the regulated transcription of the chondrocyte's major collagen-degrading enzyme, MMP-13, during both terminal chondrocyte differentiation and inflammation {recently reviewed by Husa et al., 2010 ; also see summary in Fig. 1} . The delicate balance between proliferation and differentiation is also subject to regulation by Nuclear Factor-κB (NF-κB) transcription factors in response to their upstream activating kinases , which not only directly modulate the amplitude of MMP-13 expression itself but also modulate other MMP-13 specific regulators under inflammation and other atypical stress-related states (such as HIF2α which can become activated by pro-inflammatory cytokines and stress in the avascular, hypoxic environment of articular cartilage) ( physiology linked to OA disease states. Importantly, proteomics analyses performed in conjunction with gene expression and miRNA screens should help to link specific imbalances in intracellular signaling to concomitant effects on specific regulatory factors, as OA disease symptoms first appear and progressively exacerbate. We envision that the elucidation of common pathway(s) resulting in OA-related chondrocyte dysfunction should provide novel targets for the development of more rationally designed future therapies. Adult articular cartilage is an avascular tissue, in which chondrocytes, the unique cellular component, do not normally divide, but maintain low-turnover replacement of the extracellular matrix (ECM). The chondrocyte is the sole cellular component of the articular cartilage, and this specialized mesenchymal cell is responsible for both synthesis and repair of the cartilage matrix . In OA, mechanical disruption of the cartilage matrix is associated with dysregulation of physiologic chondrocyte behavior that is reflected in the appearance of fibrillation of the cartilage surface, the appearance of chondrocyte cell clusters, and changes in quantity, distribution, or composition of matrix proteins factors . Studies of chondrocyte behavior in OA suggest that at different stages and/or locations within articular cartilage, matrix anabolism and catabolism may be regulated through coordinate mechanisms that are not fully understood. The destruction of the articular cartilage due to dysregulation of chondrocyte function and the change in the homeostatic control of synthesis and degradation of matrix components is characteristic of OA (Goldring and Marcu, 2009; . In OA cartilage, a shift towards a hypertrophic-like phenotype may be associated with tidemark duplication, vascular invasion from the subchondral bone, thickening of the calcified cartilage, and osteophyte formation in OA, processes which appear to mimic, or at least partially recapitulate, the pattern of chondrocyte hypertrophic differentiation during development Goldring and Marcu, 2009 ).
In addition to the biomechanical and age-related alterations in chondrocyte function, inflammation and accompanying dysregulated cytokine activities likely contribute to the disruption of the balance between anabolism and catabolism in OA (Goldring and Berenbaum, 2004) . In vitro and in vivo studies have implicated the pro-inflammatory cytokines, particularly interleukin (IL)-1β and tumor necrosis factor (TNF)-α, in the destruction of articular cartilage in OA (Goldring and Berenbaum, 2004; Kobayashi et al., 2005) . The major target cell of these cytokines is the chondrocyte, which in OA cartilage shows a dysregulated expression of catabolic and anabolic genes, resulting in imbalanced homeostasis Goldring and Marcu, 2009 ). OA chondrocytes produce a variety of matrix-degrading enzymes, including MMP-1, MMP-3, MMP-8, MMP-13, MMP-14 and the aggrecanases, ADAMTS-4 and -5. Of these proteinases, attention has focused on MMP-13 due to its potent ability to cleave type II collagen (Knauper et al., 1996; Reboul et al., 1996) . Furthermore, MMP-13-specific type II collagen cleavage products have been immunolocalized in OA cartilage together with cytokines and their receptors (Tetlow et al., 2001; Wu et al., 2002) and constitutive expression of MMP-13 in cartilage in mice produces OA-like changes in knee joint (Neuhold et al., 2001) . Alteration of chondrocyte metabolic responses may also result from mechanical disruption of chondrocyte-matrix associations (Guilak et al., 2004) . More rapid matrix turnover may occur in the immediate pericellular zones compared to the interterritorial zones of cartilage (Wu et al., 2002) . This suggests roles for chondrocyte cell surface receptors such as integrins and discoidin domain receptor 2 (DDR2), in the response to mechanical stress that may result in the disruption of normal remodeling of matrix components by upregulating MMP-13 and other proteinases (Mobasheri et al., 2002; Salter et al., 2002; Loeser et al., 2003; Xu et al., 2005) .
In addition to regulating matrix-degrading proteinases, IL-1β and TNFα suppress the expression of COL2A1 by chondrocytes in vitro (Reginato et al., 1993; Goldring et al., 1994; Okazaki et al., 2002) . However, increased anabolic activity in OA cartilage has been observed and may be associated with cytokine-induced synthesis of prostaglandin E (PGE ), which feedback-regulates COL2A1 transcription in a positive manner (Goldring et COL2A1 transcription and permit subsequent inhibition by cytokine-induced factors (Okazaki et al., 2002; . IL-1β differentially regulates inhibitory Smads, transcriptional mediators of TGF-β and BMP signaling, up-regulating Smad7 and down-regulating Smad6 in chondrocytes (Bauge et al., 2008) . However, the cytoplasmic localization of these inhibitors in normal and OA cartilage does not correlate with down-regulation of anabolic genes (Kaiser et al., 2004) .
Evidence of anabolism in OA has come from proteomics and genomics studies demonstrating enhanced aggrecan (ACAN) and COL2A1 gene expression and biosynthesis in human OA compared to normal cartilage (Bau et 
Chondrocyte terminal differentiation and endochondral ossification in cartilage development and pathology
During skeletal development, chondrocytes arise from mesenchymal progenitors to synthesize the templates, or cartilage anlagen, for the developing limbs during chondrogenesis (Goldring et al., 2006) . Following mesenchymal condensation and chondroprogenitor cell differentiation, chondrocytes undergo proliferation, terminal differentiation to hypertrophy, and apoptosis, whereby hypertrophic cartilage is replaced by bone in endochondral ossification (Goldring et al., 2006) . A similar sequence of events occurs in the postnatal growth plate, leading to rapid growth of the skeleton (Goldring and Sandell, 2007 . Importantly, conditional knockouts of MMP-13 in murine chondrocytes and osteoblasts have revealed that cartilage ECM remodeling is the rate-limiting process for hypertrophy, triggering terminal maturation, chondrocyte apoptosis and angiogenesis, and osteoblast recruitment (Stickens et al., 2004) . Moreover, other chondrocyte terminal differentiation-related genes, such as MMP-9 and Indian hedgehog (Ihh), are expressed in the vicinity of early OA lesions along with increased COL2 cleavage epitopes and decreased levels of Sox9 (Tchetina et al., 2005) . One of our recent studies indicates that even though intracellular stress response genes are upregulated in early OA, in contrast, a number of genes encoding cartilage-specific and non-specific collagens and other matrix proteins are up-regulated in late-stage OA cartilage .
Articular chondrocytes in micromass culture show "phenotypic plasticity" comparable to mesenchymal stem cells undergoing chondrogenesis, by recapitulating aspects of chondrocyte hypertrophy (Tallheden et al., 2003) , which appears to be subject to differential control by the NF-κB activating kinases IKKα and IKKβ (Olivotto et al., 2008) , as well as by MMP-13 itself . Ablating MMP-13 expression in cultures of primary human articular chondrocytes not only stabilizes their ECM, but also enhances their viability and impedes their differentiation in conjunction with inhibiting VEGF expression and negating the activity of multiple transcriptional regulators including Runx2 and β-catenin . Interestingly, confocal microscopy experiments showed that the presence of MMP-13 and IKKα in differentiating chondrocytes also strongly influence the subcellular localization of Sox9 . Sox9 exhibited a mostly peri-nuclear staining pattern in wild type control chondrocyte micromasses, but in contrast Sox9 localized mostly within nuclei of MMP-13 and IKKα deficient chondrocytes. Sox9 also localizes to the nuclei of middle zone chondrocytes in samples of OA cartilage with intact ECM but was mostly excluded from nuclear entry in chondrocytes in OA cartilage with extensively degraded ECM. In addition, Sox9 nuclear localization inversely correlated with β-catenin stability and activation status ; and Sox9 was previously shown to inhibit β-catenin dependent signaling in chondrocytes (Akiyama et al., 2004) and other cell types (Bastide et al., 2007) . In keeping with our observations, enhanced nuclear levels of Sox9 have been shown to directly lead to β-catenin degradation by stabilization of GSK-3β, an essential component of the β-catenin degradation complex (Topol et al., 2009 ). The reduced level of VEGF mRNA seen in MMP-13 KD micromasses is also consistent with their deficit in active β-catenin ., since VEGF is a β-catenin target gene (reviewed in Pishvaian and Byers, 2007) .
Additional supporting evidence for dysregulation of endochondral ossification as a factor in OA pathology comes from genetic association studies identifying OA susceptibility genes across different populations (Loughlin, 
Transcriptional regulation of cartilage anabolism
Our current knowledge of transcriptional regulation of cartilage-specific genes, such as COL2A1, COL9, COL11, ACAN, and CD-RAP, stems largely from studies of developmental events during chondrogenesis (Goldring and Sandell, 2007; Goldring et al., 2006) . Sox9 and related high mobility group (HMG) factors are architectural proteins that act to maintain the nucleosomes in an open configuration (Marshall and Harley, 2000) . Sox9 activates COL2A1 transcription by binding to the first intron enhancer through its HMG DNA-binding domain and acts cooperatively with L-Sox5 and Sox6 (Lefebvre et al., 1998; Leung et al., 1998) . These proteins are required for full activation of the promoter and maintenance of COL2A1-expressing chondrocytes in vitro and in vivo (Smits et al., 2004) . The coactivator, CREB-binding protein (CBP) or its paralogue, p300, does not interact directly with promoter DNA sequences, but serves as a bridge between DNA-binding proteins and the RNA Go to:
polymerase II transcriptional machinery. CBP/p300, via its intrinsic histone acetylase (HAT) activity, can directly acetylate the lysine residues of transcription factors such as cAMP-responsive binding protein (CREB), NF-κB, AP-1, C/EBP, SMAD, and ETS family members, thereby integrating their activities resulting in transcriptional synergy (Vo and Goodman, 2001 ). CBP/p300 also potentiates transcription by acetylation-dependent loosening of the chromatin structure; and Sox9, associated with CBP/p300, binds to DNA with higher affinity (Tsuda et al., 2003) and is a more potent transcriptional activator of the CD-RAP and COL2A1 genes than in the absence of CBP/p300 (Imamura et al., 2005; Tan et al., 2003; Tsuda et al., 2003) . CBP/ p300 may also bind to negative regulators of COL2A1, such as C/EBPβ (Imamura et al., 2005) and ELF3 .
Cytokine-activated transcription factors of the NF-κB, C/EBP, and ETS families, as well as EGR1, directly or indirectly inhibit activity of the COL2A1 promoter, which lacks NF-κB and AP-1 sites (Okazaki et al., 2002; Peng et al., 2008; Tan et al., 2003) . We found that EGR-1 is an IL-1β-regulated immediate early growth response factor that binds to and inhibits the COL2A1 (−131/+125 bp) core promoter by displacing Sp1 from at least one of the GGGCG boxes , possibly accounting for the increased ratio of Sp3 to Sp1 binding to the Sp1 sites induced by IL-1β (Chadjichristos et al., 2003) . Despite previous findings (Murakami et al., 2000) , we observed that IL-1β treatment does not decrease the constitutive levels of Sox9, L-Sox5 and Sox6 mRNA ., 2006) . Interestingly, PKCζ-mediated NF-κB RelA/p65 Ser311 phosphorylation has recently been shown to maintain RelA/p65 activity by a novel mechanism involving the suppression of SETD6-mediated lysine 310 methylation (Levy et al., 2011) . Moreover, Toll-like receptor 2 (TLR-2) and TLR-4, in addition to mediating innate immune responses to pathogens, are also responsible for orchestrating chronic inflammatory and tissue remodeling to endogenous ligands; and their expression is elevated in OA cartilage and induced by IL-1β and TNFα (Kim et al., 2006; Bobacz et al., 2007) . Recently, two endogenous shared TLR-2/TLR-4 ligands, low molecular weight hyaluronan (LMW-HA) and high mobility group box chromosomal protein 1 (HMGB-1), which are increased in OA joints, were shown to promote MMP-13 mediated ECM remodeling and chondrocyte differentiation towards hypertrophy by engaging TLR-dependent, MyD88 (myeloid differentiation factor 88) signaling leading to the activation of NF-κB dependent genes including MMP-13 (Liu-Bryan and Terkeltaub, 2010).
Since these pathways also induce or amplify the expression of cytokine genes, it remains controversial whether inflammatory cytokines are primary or secondary regulators of cartilage damage and defective repair mechanisms in OA. Nevertheless, physiological loading on cartilage may protect against cartilage loss by inhibiting IKKβ activity in the canonical NF-κB cascade and thereby attenuating NF-κB transcriptional activity (Dossumbekova et al., 2007) , as well as by inhibiting TAK1 phosphorylation (Madhavan et al., 2007) . Recent findings indicate that IKKα may also contribute to the abnormal phenotype of OA chondrocyte (Olivotto et al., 2008) , but it remains to be determined if this is via NF-κB non-canonical signaling or more likely via other functions of IKKα independent of NF-κB. In contrast to these positive effects on MMP-13 expression or activity, PGE was shown to dose-dependently inhibit the expression of MMP-13 along with other chondrocyte differentiation-associated genes including Col10, VEGF and alkaline phosphatase genes with a dependency on both PKA and PKC signaling (Li et al., 2004) . (Grall et al., 2003) . ELF3 activation in the latter stress-related contexts relies on the nuclear translocation of canonical NF-κB subunits (p50/p65) and subsequent transactivation of the ELF3 promoter via a high affinity NF-κB binding site (Grall et al., 2003; Rudders et al., 2001) . Following its induction, ELF3 can directly activate transcription of cyclooxygenase (COX)2 (Grall et al., 2005) and nitric oxide synthase (NOS)2 (Rudders et al., 2001 ) by binding to two or more functional ETS sites in their respective promoters. Together these studies indicate that increased expression of these IL-1β-induced genes could be mediated indirectly by NF-κB via induction of ELF3, which then serves as a primary transcription factor that binds to and regulates promoter activity of specific downstream target genes. We also recently reported that ELF3 down-regulates COL2A1 promoter activity by binding to at least two tandem ETS sites, whereas in contrast over-expression of ETS-1 increases COL2A1 promoter activity and blocks its inhibition by IL-1β . These results suggest for the first time a mechanism involving a balance among ETS factors in the control of COL2A1 transcription that is disrupted during inflammation due to the induction of ELF3, a factor that is not highly expressed in normal cartilage . Our studies also reveal that ELF3 is a major endogenous regulator of cytokine-induced MMP13 promoter activity and that elevated ELF3 expression correlates with OA disease. Thus, defining the importance of downstream mediators of IL-1β and TNFα-signaling in chondrocytes, such as ELF3, could clarify the interplay among catabolic and anabolic functions and reveal how to better capitalize on them as targets for therapeutic intervention.
ELF3, a Marker of the Inflammatory Phenotype

GADD45β, a Marker of Terminal Differentiation
GADD45β (MyD118) is a member of a family of genes whose transcript levels increase in response to signals such as irradiation, hypoxia, and genotoxic drugs (Abdollahi et al., 1991; Selvakumaran et al., 1994) . In a study 2 
ROLES OF INFLAMMATORY AND ANABOLIC CYTOKINES IN...
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3937960/ to identify BMP2-induced early genes involved in signaling and transcriptional regulation in chondrocytes, we identified GADD45β as one of the most highly induced genes (Ijiri et al., 2005 , 1996) . These reports suggest that AP-1 family members are required for proper differentiation and function of both cartilage-and bone-forming cells of the skeleton, and GADD45β via cooperation with Runx2 could potentially integrate, directly or indirectly, the regulation of other key molecules implicated in hypertrophic conversion, including MMP-9 and 14 and angiogenic factors such as VEGF. Col10a1 is also a Runx2-responsive gene in hypertrophic chondrocytes (Zheng et al., 2003) ; and our more recent work implicates interactions between GADD45β and the p38 kinase cascade in Col10a1 promoter induction via C/EBPβ (Tsuchimochi et al., 2010) . Col10 expression was also reported to be positively upregulated by PGE via PKC and PKA signaling, which also up-regulates AP1 and Fos dependent promoters (Li et al., 2004 ).
In addition to our studies in human articular cartilage suggesting that inappropriate GADD45β expression contributes to alterations in matrix homeostasis by suppressing COL2A1 promoter activity , whereas decreased levels of GADD45β and the sustained activation of JNK by inflammatory mediators may explain why NF-κB can have pro-apoptotic effects under other circumstances (Larsen et al., 2006) . The immunolocalization of GADD45β in early OA cartilage chondrocyte clusters and in deep zone chondrocytes, along with our findings that it suppresses apoptosis, suggests that GADD45β may serve as a survival factor in activated chondrocytes, while simultaneously promoting hypertrophy ). GADD45β's intracellular localization in non-mitotic chondrocytes is consistent with its association with G2-M cell cycle arrest in other tissues (Vairapandi et al., 2002) . Although GADD45β over-expression down-regulates COL2A1 promoter activity , it remains unclear whether endogenous GADD45β dampens synthetic activity in quiescent articular chondrocytes. In normal cartilage, GADD45β is present in the nuclei of all chondrocytes, which have to survive for decades to maintain their matrix at a low turnover rate (collagen having a half-life of ~100 years Go to:
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phenotype. Overall, our findings indicate that GADD45β is a key factor contributing to physiological cartilage homeostasis and chondrocyte survival after cell cycle arrest, as well as to the imbalance in matrix remodeling in OA cartilage.
Roles of NF-κB Signaling Pathways in OA Disease
Specific signaling pathways linked to altered physiological states that drive stressed articular chondrocytes to proliferate or differentiate, and the amplitude and duration of intracellular signaling can differentially alter gene expression programs to yield diverse physiological outcomes (see Fig. 1 ). The inappropriate activation of NF-κB signaling is one such signaling pathway that can produce altered states of both proliferation and differentiation. Inflammation-and stress-induced responses orchestrated by canonical NF-κB signaling may impact both directly and indirectly on OA disease onset and/or progression. Although NF-κB-mediated responses to inflammation and related extracellular stress have been invoked to explain aspects of OA disease progression or severity, the mechanistic contributions of this pathway to early stages of OA onset remain largely unknown. This is particularly important in light of growing evidence that NF-κB signaling can also contribute to the disruption of cartilage homeostasis by pushing chondrocytes towards terminal differentiation ) (see Fig. 1 ). This concept is consistent with findings in early OA cartilage lesions of upregulation in chondrocyte differentiation-related genes ( Among the inducers of MMP-13 gene expression in chondrocytes, ELF3 and GADD45β are activated by NF-κB Peng et al., 2008) , whereas DDR2, a receptor tyrosine kinase, is not (Xu et al., 2007) . Experiments in one of our groups have revealed that both NF-κB activating kinases (IKKα and IKKβ) regulate ECM remodeling and differentiation of primary human OA chondrocytes (Olivotto et al., 2008) and more recently that most of the phenotypes of IKKα-ablated chondrocytes are also observed in differentiating primary articular chondrocytes lacking MMP13 ). ELF3 appears to be a downstream target of canonical NF-κB signaling in response to pro-inflammatory stimuli , whereas GADD45β in addition to being a direct target of NF-κB is also a target of anabolic factors, such as BMP-2 and TGFβ that promote chondrocyte terminal differentiation. The NF-κB signaling pathway, unlike others, is not only the central arbitrator of intracellular stress responses to extracellular stress but also impacts on molecular regulatory switches that disrupt chondrocyte homeostasis by pushing these cells to a more differentiated, hypertrophic-like state . Indeed, collective ongoing work has shown that effectors of ECM remodeling and chondrocyte differentiation towards hypertrophy are direct targets of NF-κB signaling ( Although tremendous advances have been made in defining the susceptibility genes for OA (Valdes and Spector, 2010) , these merely determine the risks, whereas it is the interaction of chondrocytes with their environment that likely determines the initial onset of the disease process and whether people succumb to it. This interaction is mediated by epigenetic changes in gene expression (Wong et al., 2005) , and chondrocytes in the surface zone of OA cartilage undergo phenotypic changes in part due to catabolic genes, such as matrix-degrading proteinases that are not normally expressed by articular chondrocytes but are inappropriately switched on (Roach et ). These changes depend upon whether or not a specific gene is part of the repertoire of a particular cell type. For instance, whereas the aberrant induction of leptin in OA is associated with loss of DNA methylation, the loss of OP-1 expression in aged chondrocytes is correlated with hypermethylation of the OP-1 promoter (Iliopoulos et al., 2007) . On the other hand, although the aggrecan promoter contains CpG islands with many CpGs, hypermethylation is not responsible for silencing of this cartilage-specific gene (Poschl et al., 2005) . Nevertheless, the long-term cytokine-stimulated induction of IL1B in human articular chondrocytes in vitro involves loss of DNA methylation , and this change in DNA methylation status at key CpG sites may be dependent upon binding of NF-κB family members to initiate demethylation (Iliopoulos et al., 2009; Kirillov et al., 1996) . In addition, the canonical NF-κB pathway has also been shown to activate specific histone demethylases in response to pro-inflammatory stimuli which also impact on the differentiation of immune effector cells and transformation of cancer cells (De Santa et al., 2007; Iliopoulos et al., 2009; Ghisletti et al., 2010) .
Lessons from Animal Models
In vivo studies in mouse models have permitted us to determine the consequences of knockout and transgenic overexpression of a number of genes, using surgical OA (good matrix with abnormal loading) and genetic models with OA-like pathology (bad matrix with normal loading). 
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Interestingly, ADAMTS5 expression is downmodulated by miR140 in normal cartilage, whose expression is reduced in OA cartilage and also suppressed by exposing chondrocytes to IL-1β (Miyaki et al., 2009 ). In accord with ADAMTS5 knockout mice exhibiting resistance to surgically induced OA, miR140 knockout mice were recently shown to be predisposed to age-related OA-like changes and in keeping with that observation over-expression of miR140 in chondrocytes was protective against surgically induced OA ( Miyaki et al., 2010) . Even though ADAMTS-induced proteoglycan loss is thought to be a key event in the initiation and development of surgical mouse OA, findings in the Mmp13 knockout mouse using the DMM model indicate that MMP-13 has a major role in cartilage erosion independent of proteoglycan loss (Little et al., 2009 ). Recapitulation of developmental programs in OA is also supported by studies in which the Col2a1-CreER transgenic line was used to induce activated β-catenin expression in adult articular cartilage resulting in premature chondrocyte differentiation and the development of an OA-like phenotype (Zhu et al., 2009 ).
The importance of the fine protein network and stability of the ECM in joint mechanical flexibility and cartilage health with age is well documented in studies of Col11a1 haplo-insufficient (heterozygous chondrodysplasia, cho/+) (Xu et al., 2007) , type IX collagen-deficient (Col9 ) (Hu et al., 2006) and Timp3−/− mice (Sahebjam et al., 2007) , which each show age-dependent cartilage degeneration similar to that of OA patients. Careful analysis of the articular chondrocytes of cho/+ mice revealed that their OA pathology is associated with upregulation of DDR2, a type II collagen receptor that enhances MMP13 expression and damage to the collagen network (Xu et al., 2005; Xu et al., 2007) . The homozygous cho/cho mice die at birth due to a single nucleotide deletion in Col11a1 leading to a frame-shift and premature termination of translation of the α1 chain of type XI collagen. Heterozygous cho/+ mice develop normally without obvious skeletal abnormalities at birth, but develop OA-like changes in knee joints starting at the age of 3 months (chondrocyte clustering and increased proteoglycan synthesis) and a severe OA-like pathology over 6 to 12 months (Xu et al., 2005) . At 6 months in the cho/+ and Col9−/− mice, as well as in murine surgically induced OA and in human OA cartilage (Xu et al., 2007) , DDR2, a tyrosine kinase receptor for fibrillar type II collagen, is associated with expression of MMP-13 and collagen degradation. The activation of DDR2 is associated with the disruption of the pericellular matrix by the serine proteinase HTRA1, which degrades type VI collagen, and DDR2 deficiency attenuates development of OA induced by DMM surgery Xu et al., 2010) . The accumulation of fibronectin fragments (Fn-f) and type II collagen fragments (CII-f) over time may further increase MMP-13 synthesis through interaction with cell-surface integrins, leading to a positive feedback amplification loop and irreversible destruction of knee joints. While mouse models may not mimic all aspects of human disease, they do allow us to study the time course of the disease in a way that is not possible in humans (Little and Fosang, 2010) . However, in both mouse and human OA, the upstream factor(s) responsible for the disruption of the pericellular matrix all appear in one way or another to impact on alterations in the control of MMP-13.
Conclusions
Current studies involve both in vitro analysis of signaling and transcriptional mechanisms that regulate the expression and activities of GADD45β and ELF3 and in vivo analysis of the consequences of knockout and transgenic overexpression of these genes in mouse models, using surgical OA and genetic models with OA-like pathology during aging. Moreover, we believe that our studies on the mechanisms by which ELF3 and GADD45β control COL2A1 and MMP13 expression provide additional insights by which the balance of matrix anabolism and catabolism may also be affected in OA disease. The signaling pathways involved at different stages of OA development include the signaling molecules IKKα/β, GADD45β, p38, JNK, Tak1, and MEK/ERK, and transcription factors such as NF-κB, HIF2α, Ihh, Runx2, ELF3, C/EBPβ, and AP-1, and remarkably, most of these regulatory factors directly or indirectly impact on MMP-13 transcription and activity (summarized in Fig. 1 ). To understand how to control the OA disease process, it will be necessary to understand the complex spatial and temporal expression patterns of these stress-or inflammation-induced signals and how they contribute not only to irreversible joint damage (progression) in OA, but also to the initiation/onset phase wherein chondrocytes in articular cartilage leave their natural growth-and differentiation-arrested state. In addition to deciphering the disease-associated alterations impacting at various levels of intrinsic gene and protein expression programs, how specific microRNAs could be influencing the chondrocyte proteome in disease-specific ways has also been receiving greater attention (Iliopoulos et cellular stress, inflammatory responses, proliferation, and differentiation in chondrocytes. Innovative approaches, combining proteomic and genomic data from genetic and surgical mouse models and comparable existing data on human tissue, are required to elucidate common pathways regulating a complex multi-factorial disease. Such studies hold the promise of uncovering common molecular switches leading to OA development that would facilitate the design of rationally targeted therapies to prevent or forestall OA onset without unwanted side effects.
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